ABSTRACT. Melanocortin-4 receptor (MC4R) is associated with feed intake, growth, fatness, and carcass composition in many domestic animals. The aim of this study was to evaluate the association of single nucleotide polymorphisms (SNPs) in MC4R with milk production traits in water buffalo. Eight SNPs were identified by direct polymerase chain reaction sequencing of samples from 18 buffaloes. SNPs were then genotyped using the matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) method in 332 buffaloes. Two of eight SNPs were not in HardyWeinberg equilibrium. Based on the SNP data, seven haplotypes were constructed. Three SNPs H1 (AGT), H2 (GAT), and H3 (GAC) accounted for 93.0% of the total individuals. Statistical analysis indicated that the SNP g.1104C>T was significantly associated with milk yield, protein, and fat percentage (P < 0.05). In conclusion, these results provide evidence that polymorphisms in the buffalo MC4R gene are associated with milk production traits and might be potential biomarkers for water buffalo breeding.
INTRODUCTION
Buffaloes are an important livestock species for Asian populations, contributing to meat, milk, and draught power. Milk production and milk quality are the most important features used to evaluate production performance in buffaloes (Gil et al., 2013) . Milk production traits in dairy cattle should be improved as a result of genetic progress, whereby major genes or genetic markers associated with these traits are identified and applied (Li et al., 2012) . However, few studies have investigated candidate genes for milk production traits in water buffalo (Pauciullo et al., 2012) . It is therefore necessary to analyze and assess candidate genes that contribute to the breeding value of milk buffalo.
Melanocortin-4 receptor (MC4R), a G-protein-coupled receptor, is involved in appetite regulation and energy balance (Barb et al., 2004; Seeley et al., 2004; Razquin et al., 2011) . In humans, more than 150 mutations in the MC4R gene have been found, some of which are associated with obesity (Huang et al., 2010) . The 1426G>A mutation in the MC4R gene has been associated with feed intake, growth, fatness, and carcass composition in porcine individuals (Van den Maagdenberg et al. 2007; Piórkowska et al., 2010) . Similarly, many single nucleotide polymorphisms (SNPs) have been identified that are associated with body weight, carcass weight, and back fat thickness in cattle (Liu et al., 2010) , sheep (Song et al., 2012) , and chicken (Yan et al., 2013) .
However, there have been no reports on SNPs in the MC4R gene or on their genetic effects on economic traits in water buffaloes. The aim of this study was to identify SNPs in the MC4R gene of Chinese buffaloes using polymerase chain reaction (PCR) sequencing and matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS). Moreover, analyses of marker-trait associations were performed in the buffalo population to find potential molecular markers in the MC4R gene for milk production traits.
MATERIAL AND METHODS

Animals and phenotypic records
The study was approved by the Animal Ethics Committee of Buffalo Research Institute, Chinese Academy of Agricultural Sciences (BRI-CAAS). In total, 332 milk buffaloes were selected from a farm belonging to the BRI-CAAS. Phenotypic data for three milk production traits were collected at BRI-CAAS during a 6-year period (January 2007 to December 2012). Genomic DNA was extracted from whole blood samples of buffaloes using TIANamp Blood DNA Kit (Tiangen, China). The DNA quality was measured using a NanoDrop 2000 (GENE, USA).
SNP detection and genotyping
Eighteen buffaloes were randomly selected for PCR amplification and sequencing. Two pairs of primers (MC4R_F1: CGGAGAAGAAGCATCTTGCA, MC4R_R1: GGGCATAAATCAGAGGGTCA; MC4R_F2: TCTTGTCCCCAGAACCCATA, MC4R_R2: TTCTGCACAGGAAGAATGAATG) were designed to identify genetic polymorphisms in the buffalo MC4R gene (GenBank accession No. KJ139982.1) using the Primer Premier 5.0 software. PCR was performed in 50-µL reaction mixtures, containing 1 µL genomic DNA template, 2 µL primer mix (10 µM each), 25 µL Premix TM LA Taq, and 23 µL ddH 2 O. PCR was run in an ABI PCR machine using the following program: 3 min at 94°C; 35 cycles of 30 s at 94°C, 30 s at 56°-59°C, and 45 s at 72°C; and a final extension of 8 min at 72°C. DNA sequence alignment was performed using the SeqMan software (DNAStar) to detect polymorphisms.
A total of 332 buffaloes were genotyped by MALDI-TOF assay (Sequenom Inc., San Diego, CA, USA) by Invitrogen (Guangzhou, China).
Statistical analyses
Allelic frequencies, genotypic frequencies, polymorphism information content (PIC), and Hardy-Weinberg equilibrium (HWE) were determined using R language within the genetics package (Foulkes, 2009) . Haplotype blocks, haplotype frequencies, and linkage disequilibrium (LD) of SNPs were analyzed using the Haploview v.4.2 software (Barrett et al., 2005) .
Marker-trait association analyses were performed in SAS V9.4 (SAS Institute Inc., Cary, NC, USA). The genetic effects were analyzed using the following GLM model:
where Y ijklm = milk production traits observed; µ = overall mean; Y i = fixed effect of the ith year of production; P j = fixed effect of the jth parity (5 classes: 1-4, >4); S k = fixed effect of the kth season (4); DIM l = fixed effect of the lth stage if lactation (5 groups: 1-120, 121-180, 181-240, 241-300, >300); G m = fixed effect of the mth genotype; e ijklm = random residual.
RESULTS
Discovery and genotyping of SNPs
In the present study, eight SNPs were identified in the buffalo MC4R gene. Four SNPs (g.345A>G, g.762G>A, g.864G>T, and g.1104C>T) were located in the exon regions and were synonymous mutations. The others (g.138A>G and g.226C>T; g1340.T>G, and g.1525A>G) were located in the 5'untranslated region (UTR) or 3ꞌ-UTR, respectively ( Figure 1A ). SNPs were genotyped in 332 individuals based on the MALDI-TOF method with an average genotyping success rate of 98.3%. Data on genotypes and allelic frequency are summarized in Table 1 . Both g.226C>T and g.1525A>G were not in HWE, whereas the genotypes and allele frequencies of the other six SNPs were consistent with HWE (P > 0.05). The results of PIC analysis showed that four SNPs (g.345A>G, g.762G>A, g.1104C>T, and g.1340T>G) should be considered as moderate polymorphisms, and the other SNPs should be deemed low polymorphisms. These results indicate that the diversity of the buffalo MC4R gene in the analyzed populations was low. 
Linkage disequilibrium and haplotype construction
To reveal linkage relationships between the eight SNPs, LD was estimated for this population. The results showed that the Dꞌ values ranged from 0.18 to 0.98 ( Figure 1B ). Three SNPs (g.345A>G, g.762G>A, and g.1104C>T) were in high LD (Dꞌ >0.9). Next, the haplotypes of the three SNPs were constructed in all analyzed populations. As illustrated in Figure 2 , the haplotypes H1 (AGT), H2 (GAT), and H3 (GAC) were in the top three, accounting for 93.0% of the total individuals. The remaining haplotypes were excluded from further analyses based on the percentages of referring haplotype combinations being lower than 5.0%. 
Association analysis
Least squares mean values for genetic variants in the population associated with milk production traits are given in Table 2 . Our analysis suggested that the SNP g.1104C>T was significantly associated with milk yield and two other milk composition traits (protein and fat percentage) (P < 0.05). Bonferroni analysis revealed that milk buffaloes with the heterozygous genotype, CT, at the g.1104C>T locus had a significantly higher 305-day milk yield than those with the homozygous TT and CC genotypes. Milk buffaloes with the CC genotype showed the highest protein and fat percentage (P < 0.05). The heterozygous genotype at g.1104C>T showed better performance than the homozygous genotype for milk yield, whereas the homozygous genotype presented higher protein and fat percentages in Chinese buffaloes.
Based on the haplotype data presented in Figure 1B , combination analysis of haplotypes H1, H2, and H3 was performed (Table 3 ). The result revealed that the haplotype block was significantly associated with milk yield and protein percentage (P < 0.05). The 305-day milk yield in milk buffaloes with the diplotype H1H2 was higher than in the other diplotypes. Milk buffaloes with the diplotype H3H3 had a higher protein percentage than those with the H1H1 and H1H2 combinations. These findings provide additional evidence to support SNP g.1104C>T having a significant effect on milk production traits.
DISCUSSION
MC4R signaling mediates the effects of leptin on food intake, which can regulate fatness and body weight (Choi et al., 2003) . Milk composition is a variable trait that depends on the regulation of feeding behavior and fat metabolism. This study was the first to evaluate the effect of SNPs in the MC4R gene on milk production traits in water buffaloes. MC4R gene polymorphisms are highly frequent in both humans and animals. In humans, more than 150 mutations in the MC4R gene have been found, and some have been associated with obesity (Chambers et al., 2008) . We identified eight SNPs in the buffalo MC4R gene; four were located in the exon regions and were synonymous mutations, and two in the 5ꞌ-UTR and 3ꞌ-UTR.
Haplotype data are valuable for assessing the effects of genes on economic traits. For the MC4R gene, Cai et al. (2015) reported that the haplotypes CGACG and CTCCC were associated with increased body weight and average daily gain in yaks. In this study, statistical analyses showed that in milk buffaloes, diplotype H1H2 was the most significantly associated with 305-day milk yield (P < 0.05), and individuals with diplotype H3H3 showed the highest protein percentage compared to the H1H1 and H1H2 haplotype combinations. These results a,b
Values followed by different superscripts within columns differ significantly (P < 0.05). MY = milk yield; P = protein; F = fat. Values followed by different superscripts within columns differ significantly (P < 0.05). MY: milk yield; P: protein; F: fat.
imply that the SNP g.1104C>T in the MC4R gene has potential for application in early buffalo marker-associated selection programs.
Genetic variations in the UTR, or synonymous mutations in exons, can affect phenotypes in animals (Hunt et al., 2009; Dubey et al., 2013; Vislovukh et al., 2014) . Two linked SNPs (g.293C>G and g.129A>G) in the 5ꞌ-UTR of the MC4R gene were associated with body weight and daily gain in 6-month-old Nanyang cattle (P < 0.05) (Zhang et al., 2009) . Zuo et al. (2014) reported that the 1016G>A mutation in the 3ꞌ-UTR was significantly associated with body weight, average daily gain, and back fat thickness. Among these eight SNPs in water buffaloes, we found that the SNP g.1104C>T had significant effects on milk yield and on two milk composition traits (protein percentage and fat percentage) (P < 0.05). Milk buffaloes with the heterozygous genotype CT at the g.1104C>T locus had a higher 305-day milk yield than those with the homozygous TT and CC genotypes, whereas the CC genotype presented the highest protein and fat percentages (P < 0.05). These results are consistent with synonymous mutations in MC4R in other animals. Seong et al. (2012) reported that two "silent" SNPs (g.927C>T and g.1786C>T) in the MC4R gene in Korean cattle significantly influenced marbling score and back fat, respectively. Similar results have also been reported in dogs (g.895C>T) (Zeng et al., 2014) . Szyndler-Nędza et al. (2013) reported that the SNP g.1426G>A in MC4R significantly affects the fat and solid content of colostrum in dam-line pigs. Our results imply that a heterozygous genotype at g.1104C>T results in better performance than the homozygous genotype for milk yield, whereas the homozygous genotype presented higher protein percentage and fat percentage in buffaloes.
In summary, eight SNPs were identified in the buffalo MC4R gene in this study. The three SNPs H1 (AGT), H2 (GAT), and H3 (GAC) accounted for 93.0% of 332 buffaloes. Both g.226C>T and g.1525A>G were not in HWE, whereas the genotypic and allelic frequencies of the other six SNPs were consistent with HWE (P > 0.05). The SNP g.1104C>T was significantly associated with milk yield, protein, and fat percentage (P < 0.05). Our results provide evidence that the MC4R gene might have potential effects on milk production traits.
